Introduction
Our functional understanding of non-protein-coding RNA (ncRNA) biology has undergone dramatic changes in the recent past. With the dawn of the new millennium, initial Sanger sequencing studies challenged the common view that cellular life relies basically only on three main transcript classes, namely on messenger RNAs (mRNAs), transfer RNAs (tRNAs), and ribosomal RNAs (rRNAs). These pioneer studies revealed hundreds of additional ncRNA candidates in all three domains of life, thus indicating a so far hidden layer of transcriptome complexity. 1, 2 With the power of high-throughput sequencing technology, more comprehensive insight into whole transcriptomes became feasible and confirmed that we have thus far only scratched the tip of the ncRNA iceberg. It was realized that genomes of higher eukaryotes are almost entirely transcribed into RNA while only a minor portion thereof was subsequently translated into proteins (reviewed in refs. 3 and 4) . These findings suggested a very intricate ncRNA-based network of gene regulation and led to picture "the eukaryotic genome as an RNA machine." 5 While initially small ncRNAs have been primarily implicated in post-transcriptional gene silencing by targeting mRNAs, more recent evidence strongly suggest that they can also act on DNA by playing pivotal roles in regulating genome stability and guiding chromatin remodeling (reviewed in ref. 6 ). The latest dramatic change in our understanding of the complexity of cellular RNomes arose with the demonstration that ncRNA transcripts with well-described functions, such as small nucleolar RNAs, can serve as precursors for downstream cleavage events generating yet another class of functional RNA pieces, namely microRNAs (miRNAs). 7, 8 Subsequent studies in a variety of model organisms revealed that such post-transcriptional RNA fragmentation into smaller entities is widespread and likely conserved. 9, 10 RNA cleavage involves all sorts of transcripts, including coding and non-protein-coding RNAs, thus significantly diversifying the complexity and functional repertoire of the transcriptome. Here, we review recent efforts to understand post-transcriptional tRNA fragmentation and we attempt to link the different classes of tRNA-derived pieces to particular cellular functions.
Functions of Genuine tRNA
tRNAs are universally conserved key components of the translational machinery, linking the genetic code with the amino acid sequence of proteins. tRNAs have a length of 73-90 nucleotides (nt) and have a characteristic secondary and tertiary structure. The backbone of the so-called cloverleaf structure is made of four base-paired stems and five unpaired regions: the D-loop, anticodon loop, variable loop, T-loop, and in case of mature tRNAs, the 3′ CCA tail (Fig. 1) . For its adaptor function, each tRNA is charged with an amino acid that is covalently linked to the adenosine of the 3′CCA end, a reaction that is performed by cognate aminoacyl-tRNA synthetases. By reading the mRNA three nucleotides at a time by base-paring, the codon (mRNA)-antidocon (tRNA) interaction defines the amino acid position in the protein. 11 On the ribosome, tRNAs do not solely serve as passive substrate for amino acid polymerization, but provide a functional group (the ribose 2' hydroxyl at the 3′ terminal adenosine) that has been proposed to directly participate in the chemistry of peptide bond formation. [12] [13] [14] [15] Beside this well-known canonical role during protein biosynthesis, tRNAs have been shown to carry out additional functions, since they are involved in the regulation of numerous metabolic and cellular processes, in both prokaryotes and eukaryotes. In E. coli for example, uncharged tRNAs act as signaling molecules under nutritional stress, activating the stringent response pathway and thereby promoting cell survival. 16 A similar function in gene expression has been described in yeast and human cells, where tRNAs can activate Gcn2 kinase, which modulates Post-transcriptional cleavage of RNA molecules to generate smaller fragments is a widespread mechanism that enlarges the structural and functional complexity of cellular RNomes. Substrates for such RNA fragmentations are coding as well as non-protein-coding RNAs. in particular, fragments derived from both precursor and mature tRNAs represent one of the rapidly growing classes of post-transcriptional RNA pieces. importantly, these tRNA fragments possess distinct expression patterns, abundance, cellular localizations, or biological roles compared with their parental tRNA molecules. Here we review recent reports on tRNA cleavage and attempt to categorize tRNA pieces according to their origin and cellular function. The biological scope of tRNA-derived fragments ranges from translation control, over RNA silencing, to regulating apoptosis, and thus clearly enlarges the functional repertoire of ncRNA biology.
amino acid starvation response (reviewed in ref. 16 ). Uncharged tRNAs can further act as a substrate for a riboswitch-like gene regulation, the so called T-box mechanism, where they serve as sensors for amino acid deprivation. Upon binding to T-box elements located in the 5′ UTR of cistronic bacterial mRNAs, they are capable of regulating aminoacyl-tRNA synthetase genes or genes involved in amino acid biosynthesis and uptake. 17 Besides acting as stress-sensors, tRNAs can serve as primers for the replication of viruses, participate in cell wall synthesis, and in the biosynthesis of certain porphyrines and amino acids (reviewed in ref. 11) . Given this functional repertoire of full-length tRNA molecules, it is thus not astonishing that they represent one of the most abundant cellular transcripts and amount up to 15% of the total cellular RNAs. 16 Due to their universally conserved L-shaped three-dimensional conformation, which is firmly stabilized by extensive secondary and tertiary structural contacts, tRNA molecules belong to the most stable RNAs in a cell. 18 With half lives of hours to days, tRNAs are more robust than mRNAs, which merely persist for minutes to hours. 19 Folding and stability of tRNA molecules is further controlled by numerous post-transcriptional modifications that cluster primarily in the anticodon-stem loop, the D-and T-stems. 20 Since structural and functional integrity of tRNA molecules is so crucial for proper cellular functioning, many control pathways evolved, which recognize and degrade misfolded or hypomodified tRNA molecules rapidly (reviewed in ref. 21) . It is therefore not surprising that for a long time stable tRNA cleavage intermediates have been regarded as useless debris, and were thus overlooked and omitted from further functional analysis.
tRNA in Pieces
Already in the 1990s, Levitz and Chapman observed that certain E. coli strains carrying a plasmid-encoded PrrC endonuclease are able to target tRNAs for cleavage within the anticodon loop in response to T4 phage infection. 22 By depleting its own tRNA Lys pool, the infected cell is able to reduce translation of late T4 proteins and therefore interferes with virus propagation. Nevertheless, even after the deep-sequencing revolution, tRNA pieces were not appreciated as functional entities and were Figure 1 . Processing and function of tRNA pieces. Precursor tRNA (pre-tRNA) transcripts are processed by RNase P, RNase Z, and the splicing endonuclease to remove the 5′ leader, 3′ trailer, and (if present) intronic sequences (gray), respectively. if the 3′ CCA end is not encoded, the CCA-adding enzyme finally generates the crucial 3′ end, thus resulting in mature tRNAs. Both pre-tRNA and mature tRNAs can give rise to smaller tRNA pieces. Depending on their origin, they are referred to as 5′ leader-exon tRF, 3′ U tRF, 5′ tRF, 3′ CCA tRF, or as 5′ and 3′ tRNA halves (red). Diverse nucleases identified or suggested to be involved in tRNA maturation and tRNA fragmentation are listed in blue. whereas the endonucleases involved in tRNA halves production are well studied (PrrC, colicin D, and colicin e5 in bacteria; Rny1 and γ-toxin in certain yeast strains; angiogenin in human), the processing enzymes involved in tRF generation are less clear (indicated by dashed arrows and question marks). Potential cellular targets of the individual tRNA fragment classes are indicated (purple box) and the suggested functions are given (yellow box). Functional evidence for some tRNA pieces is less clear and this is indicated by dashed lines. References for the functional implications of tRNA-derived pieces are listed at the bottom.
thus considered as random degradation products or sequencing artifacts. This view changed with the observation, that already known functional ncRNAs are targets for further downstream processing and can give rise to even smaller RNA entities with novel cellular roles (reviewed in ref. 23 ). Among these processed RNA fragments are tRNA-derived pieces that represent a rapidly growing class of novel regulatory ncRNAs. This class of riboregulators is, however, quite heterogeneous in two respects: first, the cleavage of tRNAs can occur at different sites and involves different tRNA isoacceptors, depends on the cell's environment, and can change during development. Second, the functions of the tRNA-derived pieces proposed so far do not yet allow drawing a clear-cut picture of its ncRNA biology. Therefore, the following sections aim to provide a general overview of what is known so far about tRNA fragments and unravel functional similarities and common principles of tRNA-derived ncRNA pieces. Throughout this review, we follow the proposed nomenclature by Hutvagner and colleagues. 24 tRNA halves. tRNA halves (also known as "tRNA-derived, stress-induced small RNAs" or short tiRNAs), 25, 26 deriving from both the 5′ and 3′ part of full-length tRNA, are produced by cleavage in the anticodon loop ( Fig. 1) . It is important to note that the targeted tRNAs are typically fully matured tRNA transcripts, carrying an entire set of nucleoside modifications, lacking introns, and have processed 5′ and 3′ termini, often including the 3′ CCA sequences. 27, 28 The trigger for tRNA cleavage is in the majority of cases nutritional, biological, or physicochemical stress, although tRNA halves have also been observed under unstressed conditions. 27, 29 Furthermore, the extent of cleavage depends on the nature of stress. 30 For example, in Tetrahymena thermophila tRNA halves production has been detected under cold shock, but not during heat shock. 31 Importantly, human tRNAs do not respond to apoptosis-inducing agents like γ-irradiation, 28 etoposide-treatment, 25 or caffeine treatment, 25, 32 indicating cell deathindependent pathways for tRNA cleavage. The best described enzymes responsible for cleavage are Rny1 33 in yeast and angiogenin 32 in higher eukaryotes ( Fig. 1) . Rny1 is a member of the RNase T2 family and its human ortholog is RNASET2. Both act as sensors of cellular damage and can promote cell death and inhibit tumor formation, independent of their nuclease activity. However, RNASET2 does not affect tRNA cleavage in mammalian cells. 33 Angiogenin, a member of the RNase A family, has already been described in 1985 as an angiogenic protein that was secreted into conditioned media of cultured adenocarcinoma cells, especially under hypoxic conditions. 34 Beside its function in blood vessel growth and related tumor progression, 35 it became evident that angiogenin is a cytotoxic tRNA-specific ribonuclease. 36 Under normal conditions, both ribonucleases, Rny1 and angiogenin, are translocated into the nucleus but are released into the cytoplasm under certain stress conditions. However, cleavage by angiogenin can be regulated by tRNA methylation mediated by the DNA methyltransferase Dnmt2 37 or by the ribonuclease inhibitor RNH1. 38 Similar mechanisms of tRNA halves production have been described in some bacterial species, where bacterial tRNA anticodon nucleases like PrrC, colicin D, and colicin E5, cleave specific subsets of tRNAs in response to invading species or stress-induced signals, thereby functioning as a kind of innate immune system (reviewed in ref. 39 ). The γ-toxin in the killer strains of the dairy yeast Kluyveromyces lactis is another described tRNA anticodon nuclease. When secreted, this toxin causes irreversible arrest of sensitive yeast cells in the G1 phase of the cell cycle, which is caused by targeting certain tRNAs for cleavage in the anticodon region. 40 Conspicuously, two different kinds of cleavage phenomena have been observed. While global tRNA cleavage correlated with codon usage in organisms like Streptomyces coelicolor, 41, 42 other groups reported on isoacceptor-specific preferences. Here no correlation between targeted tRNAs and their number of genes, their cellular copy number, or the codon usage, has been found. [43] [44] [45] Since there is no obvious consistency with respect to the preferred isoacceptors targeted for tRNA halves production in different organisms, this process seems to be species-specific. However, in both cleavage scenarios, the stability of the two generated tRNA halves can be asymmetric and change within the same organism, depending on the encountered stress condition and life stage. 42, 46 This is well exemplified in two independent transcriptome studies in the unicellular eukaryote Trypanosoma cruzi. Franzen et al. detected 88.9% of the tRNA halves deriving from the 3′ part of the genuine tRNA of epimastigotic organisms, with a preference for tRNA His . 47 However, under nutritional stress, 98% of the observed tRNA halves originated from the 5′ part, mainly from tRNA Glu and tRNA
Asp . 48 This situation changes again in the metacyclic life form of this organism, when primarily 3′ tRNA halves of yet again different isoacceptos have been detected under the same conditions. 48 Furthermore, the tRNA halves exhibited differences with respect to their subcellular localization. Whereas they accumulate within posterior cytoplasmic granules of unknown structure and composition in epimastigotes, metacyclics show mainly uniform cytoplasmic distribution. 44 These observations of distinct tRNA A venn diagram illustrates the verified presence of the various tRNAderived RNA pieces in prokaryotes (bacteria and archaea) and eukaryotes. Note that the absence of a particular tRNA fragment species in one of the domains does not necessarily imply its absence rather than it reflects our current experimental insight.
halves production and localization hint at a functional relevance of tRNA cleavage rather than to a random degradation of tRNAs. What are the functions of tRNA halves? Since tRNAs are key components of the translational machinery, inhibition of protein production as a consequence of deprivation of full-length tRNAs due to tRNA cleavage appears to be a plausible scenario (Fig. 1) . Indeed, soon after angiogenin has been discovered as a human plasma protein, it has been demonstrated to possess cytotoxic tRNA-specific ribonuclease activity that abolished protein synthesis when added to Xenopus oocytes and rabbit reticulocyte lysates. The severity of translation inhibition correlated with the extent of tRNA cleavage. 36 A similar effect was seen when yeast tRNAs were first nicked with RNase A in vitro and subsequently used in translation reactions utilizing the wheat germ system. 49 At first glance this all makes sense: cleaving certain tRNA molecules negatively affects protein biosynthesis. However, this scenario appears to be too simple, since it has been shown that the steady-state level of genuine tRNAs does not actually change significantly upon tRNA halves production. 50, 51 Furthermore, tRNA cleavage during stress typically affects only a very small tRNA portion, which is consistently lower than that of the corresponding full-length tRNAs. The simple translation inhibition model is further challenged by the fact that the two tRNA halves are typically unequally stable in vivo. This suggests that the tRNA half molecules might be functional on their own and could fulfill a cellular role independent of their cognate partner half.
While several groups proposed tRNA cleavage as a mechanism to eliminating uncharged or redundant tRNAs, 28, 41 two publications from the Anderson lab suggest a more intricate role of tRNA halves during translation control. They observed that stress-induced 5′ tRNA halves (but not the respective 3′ halves) were able to inhibit translation and promote stress granule assembly in mammalian cells. 26 These granules are mainly composed of stalled pre-initiation complexes, suggesting the translational initiation machinery being targeted by the 5′ tRNA halves. Consistently, they demonstrated that certain 5′ tRNA halves (Ala/Cys), possessing a putative terminal oligo-G motif containing four to five consecutive guanosines, contribute in displacing translation initiation factors from both capped (eIF4E/G/A) and uncapped (eIF4G/A) mRNAs by cooperating with the translational silencer protein YB-1. This complex then activates a cytoprotective stress response, resulting in stress granule formation. 52 Notably, stress granules have still been observed even in the case YB-1 was removed by RNAi, thus leaving many mechanistic questions still unanswered how 5′ tRNA halves are involved in translation control. Similar inhibitory effects of 5′ tRNA halves on translation were recently observed in the plant Arabidopsis thaliana, 27 but with some notable differences: (1) diverse tRNA pieces, including tRNA halves, have been observed independent of stress and, (2) the inhibitory effect of the 5′ tRNA halves on in vitro translation did not correlate with the number of consecutive guanine residues at the 5′ end as proposed by Anderson et al. Furthermore, it was demonstrated that the human tRNA halves (Ala/Cys), which repressed translation initiation in rabbit reticulocyte lysate, 52 showed no inhibitory effect in wheat germ extract.
This either hints to species specificity or to missing cofactors that determine the inhibitory potential. It appears therefore that there is still much to be learned about tRNA halves in translation regulation. The proposed 5′ terminal oligo-G motif 52 raises several questions concerning specificity: (1) Is any RNA with a 5′ terminal guanine stretch capable of blocking translation initiation? (2) What is the biological function of all the non-oligo-G-containing tRNA halves and the corresponding 3′ partners? (3) Given that human 5′ tRNA halves do not seem to function in plant translation systems, which co-factors are responsible for the species specificity? And which factors influence the asymmetric stability of the 5′ and 3′ tRNA halves in various organisms?
Very recently evidence has been presented that further enlarges the functional scope of tRNA halves. It was shown that tRNA halves may not only regulate translation, but also small RNA homeostasis during heat-shock. 53 Increased tRNA cleavage, induced by decreased tRNA stability (e.g., under certain stress conditions or lacking methylation in the anticodon loop), seems to interfere with the small-interfering RNA (siRNA) pathway through binding of tRNA halves to Dicer-2 ( Fig. 1) . Consequentially, siRNA production is impaired and allows translation of stress-relevant mRNAs.
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tRNA-derived fragments. Beside tRNA halves, shorter tRNA-derived fragments (tRFs) in the size range of 13-30 nts have been described in organisms spanning all domains of life. Cleavage does not occur randomly, and depending from which part of the pre-tRNA or mature tRNA they are derived, tRFs were classified as 5′ tRFs, 3′ CCA tRFs, 3′ U tRFs, or 5′ leader-exon tRFs (Fig. 1) . Since these tRFs differ in terms of origin, processing, and potential function, they will be discussed separately, as follows.
5′ tRFs. 5′ tRFs are formed by cleavage in or around the D loop of tRNAs (Fig. 1) . As described for tRNA halves, the precursor of these fragments is most likely mature tRNA, since 5′ leader sequences are absent. Therefore, a generation of 5′ tRFs can occur at any point of tRNA processing, given that RNase P has already removed the 5′ leader of the pre-tRNA. Importantly, since many studies report on mixed populations of tRFs and tRNA halves, 27, 47, 54 it cannot be excluded that tRFs are produced from 5′ tRNA halves by 3′ exonuclease chew-back (Fig. 1) . Similar to tRNA halves, the abundance of 5′ tRFs does not correlate with the number of the parent gene copies, gene numbers, and codon usage, with the exception of tRFs described in Tetrahymena. 55 In contrast, in many cases the majority of observed 5′ tRFs originates from a single isoacceptor tRNA species. Furthermore, differences in length have been reported: in Arabidopsis thaliana roots 80% of tRFs correspond to a 19 nt-long 5′ part of tRNA Gly , 43 in embryonic calli of rice 82% of 5′ tRFs correspond to a 20-22 nt-long pieces of tRNA Ala , 56 while in the archaeon Haloferax volcanii 85% of all observed 5′ tRFs originate from a 26 nt-fragment of tRNA
Val . 57 These differences in tRNA specificities, abundance, and length support the conclusion that distinct biogenesis mechanisms are at work.
The characterized size range of 19-26 nts for 5′ tRFs and the primarily double-stranded nature of the precursors (namely the mature tRNAs) prompted some research groups to look for functional similarities between 5′ tRFs and small RNAs of the RNA interference (RNAi) machinery. This class of small ncRNAs (sized ~20-30 nts) includes members of the miRNA, siRNA, and Piwi-interacting RNA (piRNA) families and are efficient regulators of gene expression and genome stability (reviewed in ref. 58 ). While piRNAs are processed independently of Dicer, all small RNAs of the RNA silencing class share association with a member of the argonaute (Ago) protein family, the key component of the RNA-Induced Silencing Complex (RISC). In HeLa cells, a 19 nt-long 5′ tRF from tRNA Glu showed equal abundance and processing scores compared with genuine miRNAs. 59 Processing of this 5′ tRF has been demonstrated to be sensitive to Dicer knockdown, thus implying a mi/siRNA-like behavior of GlutRF. However, this interpretation is not necessarily completely conclusive since a possible general tRNA destabilization caused by Dicer knockdown-dependent slow-down of cell growth was not excluded in this study as cause for the observed effects. 60 Despite a possible Dicer-processing of this 5′ tRF, it clearly differs from canonical miRNAs in several points: (1) the tested 5′ tRF showed only poor association with Ago proteins and has been identified in fractions smaller than the minimal RISC and (2) the 5′ tRF is modified at the terminal ribose, a feature that is absent in human miRNAs. In fact, terminal modifications of the 5′ tRFs can potentially explain the weak Ago association. 10 A Dicer-independent 5′ tRF production has been observed in Schizosaccharomyces pombe.
Furthermore, it has been shown that a complex called TRAMP prevents tRNA and rRNA species from entering the small RNA pathway. 61 Therefore, a highly abundant 23 nt-long 5′ tRF of tRNA Glu only showed Ago1 association in a cid14Δ strain, lacking the poly(A)-polymerase of the TRAMP complex that normally targets aberrant RNA for degradation via the nuclear exosome. In contrast, clear Ago binding of 5′ tRFs has been described in human monocytic cells (Ago1) 62 and Arabidopsis thaliana (Ago1, 2, 4, and 7). 63 It is of note that not all tRFs of the latter study associated with Ago proteins. Given the fact that any abundant small RNA, which is in the size range of si/miRNA, can in principle associate with certain Ago proteins 61 and that even fulllength tRNAs co-immunoprecipitate with Ago, 59 challenges the biological relevance of the putative tRF-Ago associations. In the canonical RNAi pathway, si/miRNAs target mRNAs by binding to fully or partially complementary regions. Several putative 5′ tRF-targeted mRNAs have been identified by bioinformatic tools; 62 however, experimental validation is still missing. A further possible function for 5′ tRFs in the RNAi pathway has been suggested in which 5′ tRFs compete as non-specific small RNA mimics with components of the RNAi machinery. In this scenario, tRFs might impair si/miRNA homeostasis by interfering with si/miRNA processing and RISC loading. 18 A markedly different cellular function for 5′ tRFs has been very recently proposed. 57 In the archaeon Haloferax volcanii, a 26 nt-long tRF originating from tRNA
Val was shown to directly bind to ribosomes in vitro and in vivo, and was capable of inhibiting translation (Fig. 1) . This Val-tRF exclusively associates with the small ribosomal subunit especially upon alkaline stress conditions. The Val-tRF does not interfere with tRNA binding to the ribosome but might compete with productive mRNA positioning on the small ribosomal subunit (J Gebetsberger and N Polacek, manuscript in preparation). Support for such a ribosome-targeted role of 5′ tRFs during translation control has been recently obtained in human cells. Hutvagner et al. reported that 5′ tRFs were able to efficiently inhibit in vitro translation, which was independent of mRNA target sites. 64 By examining the inhibitory potential of other human 5 'tRFs, a universally conserved GG dinucleotide at the 3′ terminus has been proposed as crucial functional determinant. Nevertheless, such a "mini motif " does not appear to be sufficient, since one of the identified 5′ tRFs that contained the GG sequence failed to inhibit translation. Even though 5′ tRNA halves also repress protein biosynthesis (see above), 52 the mechanisms clearly differ: (1) the proposed terminal oligo-G motif of 5′ tRNA halves is either absent in the investigated 5′ tRFs or not crucial for the inhibitory potential, (2) 5′ tRFs do not target mRNA, (3) whereas 5′ halves associate with translation initiation factors and the translational silencer protein YB-1, 5′ tRFs associate with ribosomal particles (30S ribosomal subunits and polysomes in H. volcanii; polysomes, and RNPs smaller than 40S subunits in human cells). 57, 64 How exactly these 5′ tRFs perform their action on the ribosome, and how they are processed awaits experimental clarification.
3′ CCA tRFs. 3′ CCA tRFs are derived from the 3′end of tRNAs by cleavage in or at the T loop and carry the trinucleotide CCA at the acceptor stem, the characteristic 3′ end of mature tRNAs (Fig. 1) . The enzyme responsible for processing is most likely, although not exclusively, Dicer. [65] [66] [67] Alternatively, angiogenin, the enzyme responsible for the generation of tRNA halves, or other RNase A members, were proposed for Dicer-independent processing. 68 Nearly all functionally characterized 3′ CCA tRFs have in common that they associate with components of the RNAi machinery and exert, at least in some cases, miRNA-like functions. [67] [68] [69] In an analysis of small RNAs in human embryonic kidney cells, Haussecker et al. identified two different groups of tRFs. 69 While one of them was composed of Dicer-independent trailer-derived RNAs (termed type II tsRNA; will be discussed later on), they also identified a group of 3′ CCA tRFs (type I tsRNA), whose generation was Dicer-dependent. By associating with Ago1-4, these tRFs showed modest trans-silencing capacities (Fig. 1) , similar to that of canonical mi/siRNAs. However, in contrast to canonical small RNAs of the RNAi machinery, these 3′ CCA tRFs showed no association with Mov10, a putative RNA helicase that is part of the RISC. Similar results have been obtained for a 22 nt-long 3′ CCA tRF that is expressed in human B cells. 67 The mRNA of the human replication protein RPA1 was identified as bona fide target, a protein that shows essential functions in DNA metabolism, including genome replication, recombination, and DNA repair. Since this 3′ CCA tRF is downregulated in lymphoma cell lines, these findings suggest that corresponding increased levels or RPA1 could result in a growth advantage of malignant cells. Furthermore, evidence has been presented that 3′ CCA tRFs, together with components of the RNAi machinery, establish a mechanism for defending viral infections. 65, 68 While tRNAs (commonly tRNA Lys , tRNA Pro , and tRNA Trp ) were shown to serve as primers for the initiation of reverse transcription and viral DNA synthesis, 70 Yeung et al. suggested that the duplex formed by binding of the 3′ end of tRNA Lys to the primer binding site (PBS) of HIV could be, at least in vitro, processed by Dicer. 65 They showed that Ago2 association of the resulting 18 nt-long 3′ CCA tRF triggered gene silencing activity in a luciferase reporter assay and that viral replication was modulated upon overexpression or knockdown of this ncRNA. Since similar 3′ CCA tRFs have been shown to be complementary to the replication loci of the human endogenous retrovirus (HERV) and guide Ago2-mediated target cleavage, one could speculate whether these tRFs function as RNAi-based inhibitors of endogenous retroviral replication. 68 This is a reasonable hypothesis since the RNAi pathway is thought to have evolved as an immune defense mechanism against invading species in basal organisms that lack protein-based immune systems. 71 While all these studies were performed in human cell lines, interesting data also exist for 3′ CCA tRFs in the ciliated protozoan Tetrahymena thermophila. 72 In an earlier publication, Couvillion et al. showed that 3′ CCA tRFs are efficiently loaded onto the Piwi protein Twi12. 55 While Ago proteins are ubiquitously present in diverse tissues, Piwi proteins are predominantly present in the germ line and associate with piRNAs. 73 Twi12 is of particular interest, since this protein is the only Piwi necessary for vegetative growth, lacking slicer activity, and is loaded with Dicer-independent small RNAs. More detailed investigations of the Twi12 protein revealed that it forms a complex with the 5′ to 3′ exoribonuclease Xrn2 and a so far not described protein, which they termed Twi-associated novel 1 (Tan1). 72 Interestingly, Xrn2 (Rat1 in yeast) functions in the nucleus and is involved in aberrant mRNA degradation, maturation of rRNA, and in Pol I and Pol II transcription termination. 74 Since Xrn2 lacks a nuclear localization signal, the question emerged how the nuclear import is facilitated in the context of the Twi12/Xrn2/Tan1 (TXT) complex. In summary, the authors could show that upon loading with 3′ CCA tRFs, Twi12 forms the TXT complex that targets Xrn2 into the nucleus and stimulates its nuclease activity (Fig. 1) . Importantly, 3′ CCA tRFs are required for this process, suggesting that Twi12 senses cytoplasmic tRNA levels and influences ribosome biogenesis upon changes of cellular conditions. 75 3′ U tRFs. 3′ U tRFs are derived from the 3′end of pre-tRNAs (Fig. 1) , commonly starting directly after the 3′end of mature tRNAs and end in a stretch of U residues that are produced by RNA polymerase II transcription run-off. 24 Since these trailer sequences are processed through RNase Z cleavage during tRNA maturation, involvement of Dicer seems to be unlikely. However, one study suggested a Dicer-dependent mechanism, where the pretRNA is predicted to fold into a bulged hairpin. 66 Interestingly, tRNA 3′ trailer sequences are thought to be rapidly degraded in the nuclear compartment soon after being cleaved from pretRNAs. Therefore, it is quite surprising that stable 3′ U tRFs are localized mainly in the cytoplasm. 76, 77 There are two likely explanations: (1) 3′ U tRFs are exported from the nucleus by an unknown mechanism upon processing, or (2) pre-tRNAs escape nuclear quality control and are processed by cytoplasmic 3′ tRNases. Strikingly, there is evidence supporting the second possibility. Based on the observations of pre-tRNA splicing in the cytoplasm, aminoacylation in the nucleus, and retrograde movement of tRNAs, nuclear-cytoplasmic localization of tRNAs appears to be a dynamic and bi-directional process (reviewed in ref. 78) . Furthermore, there are several reports on cytoplasmic tRNA endonucleases. 76, 79 In support of this scenario, Lee et al. demonstrated that in human cancer cell lines certain pre-tRNAs are exported from the nucleus and cleaved by the cytoplasmic tRNA endonuclease ELAC2, a homolog of RNase Z. 76 Further characterization of one 3′ U tRF, named tRF-1001, showed that it is regulated according to cell proliferation and is necessary for cell viability. Coincidentally, Haussecker et al. analyzed the same 3′ U tRF candidate (called cand45) in the context of investigating their type II tsRNAs (see above). 69 Whereas Lee et al. did not investigate Ago association, the other group showed binding to Ago3 and Ago4. While no canonical gene silencing activity could be observed and modulation of 3′ U tRFs levels had only minor effects on miRNA abundance, pronounced changes in silencing activities of mi/siRNAs have been observed. This suggests a 3′ U tRF-guided control of small RNA silencing through differential Ago association, and thus, competition with genuine si/miRNAs. Such a scenario could also explain the effects of 3′ U tRFs on cell proliferation as observed by Lee et al. Since 3′ U tRFs have been detected not only in vertebrates including human, dogs, and chicken, 69, 76, 77, 80 but also in archaea 81 that lack the classical RNAi pathway, future studies on the functional similarities across domains and putative cellular role(s) of 3′ U tRFs are eagerly awaited.
Unclassified tRFs.
Other, yet unclassified, tRFs do not fit into the general classification scheme regarding their origin and/or length (Fig. 1) . We will discuss them shortly, since they expand the functional repertoire of tRNA pieces even further. This class of tRFs includes RNAs of about 46 nt in length in the primitive eukaryote Giardia lamblia that are produced by cleavage of mature tRNAs 5′ of the anticodon loop. The generated 3′ tRFs seem to be the result of global tRNA cleavage, induced by different stress stimuli (e.g., encystation, serum deprivation, cold stress, and heat shock). 82 tRFs of aberrant size and yet unknown function have also been detected in other studies, including 3′ quarters of tRNAs 27 and "mid"-fragments. 83 While most of the so far identified tRFs derive from mature tRNAs (with the exception of 3′U tRFs), Hanada et al. recently reported on novel tRFs originating from aberrant pre-tRNA splicing. 84 Mainly arising from tRNA Tyr , these tRFs comprise the 5′ leader followed by the 5′ exon of pre-tRNA (Fig. 1) . Functional analyses demonstrated that this 5′ leader-exon-tRF sensitizes cells to oxidativestress-induced activation of the p53 tumor suppressor pathway and p53-mediated cell death. Although the molecular mechanism behind this hitherto unknown tRF class is not yet fully understood, it clearly suggests that the functional repertoire of tRNA-derived pieces goes beyond translation regulation and RNA interference.
Perspectives
Application of the new high-throughput sequencing technologies promoted the discovery of novel regulatory ncRNA candidates and expanded our knowledge on the diversity and complexity of the transcriptome. Nevertheless, caution should be taken in categorizing sequencing reads as functional ncRNAs, since these molecules could be of questionable biological relevance. Random RNA degradation, spurious transcription ("transcriptional noise"), or artifacts of the cDNA library preparations should not be excluded as source for an observed RNA sequence read. 3 In particular, tRNAs are known to be heavily modified, and thus, represent a hurdle for efficient reverse transcription. This creates two problems: (1) hypermodified tRNA pieces might be underrepresented in cDNA libraries and (2) not all deep sequencing reads deriving from tRNA loci represent true tRNA pieces. Thus, it is crucial to conduct experimental approaches and to assign a cellular function to an RNA candidate, before referring to it as a novel ncRNA species.
Since rRNAs and tRNAs constitute the vast majority of cellular RNA molecules, it would be reasonable that they also generate more "meaningless" degradation products than other RNAs. Therefore, the explosion of recently detected tRNA pieces in various model systems, spanning all domains of life (Fig. 2) , can also be seen from this perspective. Nevertheless, the following observation seems to substantiate the view that tRNA pieces represent biological relevant entities rather than mere degradation products of full-length tRNAs: (1) they show characteristic expression patterns across different cell lines and organisms, (2) their production is specifically induced only during certain environmental conditions and (3) does not necessarily correlate with codon usage and/or gene copy number, (4) tRNA cleavage often occurs at specific sites in the tRNA and is more precise than for many miRNAs and, most importantly, (5) the pool of available mature tRNAs is not significantly altered due to tRNA fragmentation.
However, the functional role of tRFs and tRNA halves is still quite elusive and the biological picture thus incomplete. Although many interesting suggestions on their biological relevance have been made, unequivocal experimental data are often missing. The assumption that cleaved tRNAs can function as canonical miRNAs is one such example. Considering the classical definition of miRNAs, the possibility should not be ruled out that tRFs are more like siblings and not identical twins of miRNAs, since they differ in many aspects from genuine miRNAs, including origin, processing, and Ago association (discussed in ref. 60) . It is still conceivable that tRFs represent a control mechanism of the silencing machinery, reflected by differential Ago occupancy, and thus, by competing with mi/siRNAs for RISC loading. Considering the TRAMP complex in S. pombe that prevents aberrant RNAs from entering the RNAi pathway, it is reasonable that other organisms could achieve the same goal by titration of silencing components via tRF production. 85 It is still unknown which properties determine the tRNAs' fate of becoming a tRF, and thus, a novel regulatory ncRNA. Mature tRNAs contain more than 100 modified nucleosides and the role of many of them is still elusive. 11 Most of them occur non-randomly and cluster in conserved domains. It is worth proposing that some of the tRNA modifications guide RNases, and thus, tRNA processing to specific positions (discussed in refs. 18 and 38) . Even though our current knowledge about tRNA pieces is yet incomplete, they clearly represent a novel class of regulatory ncRNAs with surprising cellular roles in all domains of life (Fig. 2) . Future work will reveal how they fit into the evergrowing puzzle of RNA biology.
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